Inelastic neutron scattering reveals a broad continuum of excitations in Pr2Zr2O7, the temperature and magnetic field dependence of which indicate a continuous distribution of quenched transverse fields (∆) acting on the non-Kramers Pr 3+ crystal field ground state doublets. Spin-ice correlations are apparent within 0.2 meV of the Zeeman energy. A random phase approximation provides an excellent account of the data with a transverse field distribution ρ(∆) ∝ (∆ 2 + Γ 2 ) −1 where Γ = 0.28(1) meV. Established during high temperature synthesis due to an underlying structural instability, it appears disorder in Pr2Zr2O7 actually induces a quantum spin liquid.
Inelastic neutron scattering reveals a broad continuum of excitations in Pr2Zr2O7, the temperature and magnetic field dependence of which indicate a continuous distribution of quenched transverse fields (∆) acting on the non-Kramers Pr 3+ crystal field ground state doublets. Spin-ice correlations are apparent within 0.2 meV of the Zeeman energy. A random phase approximation provides an excellent account of the data with a transverse field distribution ρ(∆) ∝ (∆ 2 + Γ 2 ) −1 where Γ = 0.28(1) meV. Established during high temperature synthesis due to an underlying structural instability, it appears disorder in Pr2Zr2O7 actually induces a quantum spin liquid.
Instead of a discrete set of states that satisfy all interactions, frustrated spin systems support a high density of low energy states from which novel collective phenomena may emerge at temperatures (T ) well below the bare interaction strengths. [1] A prominent example is quantum spin ice (QSI). [2] By introducing quantum spin fluctuations to classical spin ice through transverse inter-spin interactions, it has been proposed that a quantum spin liquid (QSL) phase with gapless photon-like excitations can be realized. [2] Several materials have been examined in the search for QSI including Yb 2 Ti 2 O 7 and Tb 2 Ti 2 O 7 , but so far there is no experimental evidence for salient features such as low energy electrodynamics. [2] Instead unanticipated features have been discovered including a very strong dependence of physical properties on sample quality. In a recent study of Tb 2+x Ti 2−x O 7+y it was found that a change in the Tb/Ti molar ratio as small as 0.005 can tune the samples between an ordered and a disordered phase. [3] While such sensitivity is a distinguishing feature of systems with a high density of low energy states, there is so far no clear understanding of the microscopic mechanisms involved. Can this be explained in terms of small changes of the exchange interactions in the pseudo-spin-1/2 Hamiltonian [2] for materials near phase boundaries or are there new pieces of the puzzle yet to be discovered? Further insight into these questions will not only help clarify the complicated magneto-structural properties of specific materials, but may guide the broader search for QSL materials.
In this paper we show quenched structural disorder acts as a transverse field on the non-Kramers Pr 3+ ion in Pr 2 Zr 2 O 7 (PZO) and in competition with exchange interactions induces a spatially correlated and disordered singlet ground state. A previous neutron study of PZO revealed weak diffuse elastic scattering with pinch points indicative of spin-ice correlations. [4] Here we show magnetic excitations in PZO are composed of two parts: a lower energy regime that is driven by inter-spin correlations, and a momentum transfer (q) independent higher energy part driven by quenched transverse fields. A nearest neighbor spin ice model augmented by random transverse fields provides an excellent account of these observations and points to the realization of a newly proposed QSL in PZO [5] .
Single crystalline PZO samples were prepared by the floating zone method. Growth conditions were optimized to produce homogeneous single crystals with similar physical properties as stoichiometric polycrystalline PZO. [6] 5 and 3 single crystals were co-aligned for measurements in (HHL) and (HK0) planes with total mass of 9.5 g and 8.8 g respectively. Neutron scattering measurements were carried out on the Disk Chopper Spectrometer (DCS) [7] at the NIST Center for Neutron Research. Unless otherwise noted, data were collected with 3.3 meV (5Å) incident neutron energy (E i ). Absolute units for the scattering cross section were obtained by normalization to the total scattering intensity of the (220) nuclear Bragg peak.
q-averaged INS data provide an overview of the excitation spectrum (Fig. 1 ). At T = 1.4 K and magnetic field B = 0 T, the spectrum takes the form of a broad peak that extends to at least 2 meV, consistent with previous measurements. [4] This spectrum is an order of magnitude broader than estimates for the magnetic exchange constant extracted from bulk thermodynamic data. [4] Fig the spectral weight at higher energies is unaffected. As implied by the total moment sum-rule [8] , we find the missing spectral weight shifts to the elastic line.
The thermal evolution of the spectrum is essential for understanding the underlying physics. 
Here
′ where E ′ runs through all CEF levels above the nominal ground state doublet (GSD). [4] Note the latter term can be neglected when only the lowest energy doublet is occupied in which case F only depends on βhω. If the excitations correspond to transitions between the CEF GSD that are split by an energy gap ofhω, the normalized spectra at different temperatures should fall on a single curve. [9] This pertains for |hω| ≥ 0.9 meV and T ≤ 200 K, which indicates a continuous quenched distribution of doublet splittings is responsible for the higher energy part of the spectrum.
A closer look at the spectrum with q-resolution provides crucial information regarding spin-spin correlations. Fig. 2 shows q − ω cuts along the (H20) direction for various B [001]. A broad spectrum is observed throughout q space that moves to higher energies with increasing field with no discernible dispersion. This contrasts with Tb 2 Ti 2 O 7 [10] and Yb 2 Ti 2 O 7 [11] where resonant spin wave modes develop at high fields. The main q-dependent aspect of the PZO data is intensity modulation at the lower energy edge with a maximum near (020). This modulation exceeds that associated with the magnetic form factor in the q range probed, so it reflects inter-site correlations. The modulation diminishes at higher energies, consistent with Fig. 1(c) where the high energy part of the spectrum is a local CEF excitation.
More information regarding spatial spin correlations is extracted by constant energy slices through the data. Fig. 3 shows such slices covering the (HHL) plane, with data folded into the first quadrant to optimize the statistical quality. Figs. 3(a)(c) show measurements at B = 0 T. While no modulation is observed at high energies [ Fig. 3(a) ], a star-fish-like intensity modulation [ Fig. 3(c) ] is observed at low energies that is consistent with previous measurements. [4] By applying B [110], the low energy modulation evolves into a single rod along (00L) that is characteristic of low dimensional correlations [ Fig. 3(e) ]. As previously mentioned, a magnetic field along [110] separates the pyrochlore lattice into two distinct sets of chains where the external field is perfectly transverse to -or has a component along -the local easy axis. Correspondingly this low energy scattering can be associated with Pr chains perpendicular to both the [001] and magnetic field directions. For those spins the magnetic field is perpendicular to the easy axis. In Fig. 3(e) , the intensity maxima at (111), (112), (113), and (222) are instrumental spurions that result from leakage beyond the elastic channel of strong nuclear and field induced magnetic elastic scattering.
To sum up the experimental observations presented so far: (1) The higher energy part of the INS is consistent with scattering from a continuum of heterogeneously split doublets, the distribution of which is continuous and T -independent up to 200 K. This is supported by the T -independence of the spectrum forhω ≥ 0.9 meV [ Fig. 1(c) ] and the lack of q-dependence which points to local excitations that are unaffected by inter-site interactions. (2) Inter-site correlations are apparent for the lower energy part of the INS which is modulated in q space.
To understand the data we start with a description of the single ion part of the problem. Since the relevant energy range is well below the first excited CEF level (∼ 9.5 meV [4] ), it is a good approximation to work in the reduced Hilbert space of the GSD. There the total spin operator J in the local frame takes the form of 
∆(≥ 0). Thus without loss of generality the single ion part of the spin Hamiltonian can be written as
here g is the Landé g-factor. The first term describes the Zeeman coupling and the second term accounts for the fixed splitting of each doublet. We fix J z ef f = J z = 3.76 to the value determined from the GSD wavefunction [4] , which should be considered as a sample averaged value. The distribution from site to site of energy gaps for the split doublets is described in terms of a distribution function ρ(∆). For a given ρ(∆) the corresponding INS can be calculated from H SI using Fermi's golden rule [8] [see the supplementary information (SI)]. Thus from the experimental spectra we can extract ρ(∆) and if H SI is a good approximation for PZO, ρ(∆) extracted from data acquired at different fields should be consistent. This analysis was carried out for the field dependent spectra in Fig. 1(b) . For zero field, data points with hω ≥ 0.1 meV were used to avoid influences from the elastic line. For finite fields, data points withhω larger than the Zeeman gap (
g|B|J z ef f ) were used. A common normalization factor was applied to ensure unity normalization: ∞ 0 ρ(∆) d∆ = 1. As shown in the inset to Fig. 1(b) , ρ(∆) extracted at different fields fall onto a single curve, which can be described by a "half" Lorentzian:
where Γ = 0.28(1) meV. We expect ρ(∆) to be accurate for ∆ larger than the exchange energy scale (∼ 0.1 meV). The success of a single ion description and the associated continuous distribution function ρ(∆) indicates that Pr in PZO is subject to a broad range of static random transverse fields extending at least up to 1 meV.
Elastic scattering measurements provide further information regarding the spatial inhomogeneity of ∆ i in PZO. For B
[001] all spins are subject to the same local field, so that a homogeneous sample should be uniformly magnetized and support sharp magnetic Bragg diffraction. Fig. 4 shows that in addition to a sharp field induced magnetic Bragg peak at (200), there is an underlying broad component (shaded). This is indicative of inhomogeneous magnetization that is correlated over ∼ 22.8Å(2.1 cubic lattice spacings) [12] , which can be considered a measure of the spatial profile of the transverse field distribution. In comparison, the (220) nuclear Bragg peak remains sharp at all fields. There is a broad elastic peak at (200) in zero field (Fig. 4 ) that persists to temperatures well beyond the inter-site interaction scale and may reflect the structural disorder underlying the transverse field distribution.
While H SI provides a good description of the higher energy part of the spectrum, inter-site interactions are important at lower energies. We consider the minimal interacting Hamiltonian, which adds ferromagnetic near neighbor interactions to the random transverse field single ion terms:
here i, j run over distinct nearest neighbors. If the activation energy inferred from AC susceptibility is the energy of a single ice-rule-violating tetrahedron [4] then J for PZO can be estimated to be J = 0.015 meV. We analyze H IT through the random phase approximation (RPA). [13] To account for the random spatial distribution of ∆ i in H SI we first calculate the RPA susceptibility χ RPA (q, ω, ∆) assuming a constant ∆, and then approximate the sample averaged susceptibility as a weighted average:χ RPA (q, ω) = Having established H IT as consistent with INS from PZO, we consider the physical origin of ρ(∆). Pr 3+ being a non-Kramers ion, ∆ i can arise from any deviation in the coordinating environment that breaks the D 3d point group symmetry. X-ray diffraction from single crystalline PZO down to 110 K shows no sign of a structural distortion from the ideal pyrochlore structure, which places strict limits on any cooperative Jahn-Teller distortion (see SI). The deviation from pyrochlore symmetry is thus expected to be local and break translational symmetry. A weak, broad peak was indeed observed at the forbidden (200) position (Fig. 4) . The temperature independence of this peak (probed for temperatures between 1.5 K and 15 K) indicates quenched structural disorder, which could be related to the Pr off-centering observed in a recent study of polycrystalline Pr 2+x Zr 2−x O 7−x/2 . [6] A Lorentzian fit to the peak yields a correlation length of 39.9Å, which is comparable to the 22.8Å correlation length extracted for the field induced magnetization. Note that multiple scattering is not relevant for the broad peak observed here. [14] Might a disorder induced singlet ground state be relevant to other non-Kramers pyrochlore materials? Structural disorder can act as a random transverse field on any non-Kramers ions (Pr 3+ , Pm 3+ , Sm 2+ , Eu 3+ , Tb 3+ , Ho 3+ , Tm 3+ ). When exchange interactions are sufficiently strong and non-frustrated, magnetic order might still be possible. However in weakly interacting and frustrated materials it seems reasonable to anticipate a disordered singlet ground state. Inhomogeneous doublet splitting was previously reported in Pr 2 Ru 2 O 7 [9] , so PZO is not a singular example. The phenomenon may also be relevant to understanding Tb 2 Ti 2 O 7 . There the first exited CEF level lies at 1.5 meV [15] (compared to 9.5 meV for PZO), so it partakes in the low-T physics. Judging from INS in the literature [16, 17] , any transverse field distribution in Tb 2 Ti 2 O 7 is significantly narrower than for PZO (perhaps 0.2 meV wide compared to 1 meV for PZO). Both compounds display an extreme sensitivity to metal stoichiometry, which in Pr 2+x Zr 2−x O 7−x/2 has been linked to Pr off centering. This suggests that in Tb 2+x Ti 2−x O 7+y , x may also control the strength of a random transverse field that quenches its magnetism. [3, 18] If this is the case then pressure induced magnetic order in Tb 2 Ti 2 O 7 could be associated with varying the transverse field distribution. [19] Clearly, quenched transverse fields strongly influence low-T magnetism for PZO. Sites with ∆ ≫ J (J z ef f ) 2 ∼ 2 K will be essentially non-magnetic and act as dilution to the magnetic pyrochlore lattice. This can be expected to suppress the nuclear Schottky anomaly in specific heat as observed. [4] Also, the spatial landscape of ∆ i is expected to constrain the development of spin-ice correlations, leading to a reduced correlation length evident in broadened pinch points. [4] In the presence of strong static transverse fields a reliable estimate of the transverse exchange interactions is difficult to obtain. Suffice it to say that H IT which contains only the longitudinal Ising interactions, provides an acceptable account of the data.
A recent theoretical study of H IT shows random transverse fields induce quantum entanglement and two distinct QSLs. [5] The strong disorder in PZO (h/J ∼ 2.0, δh/h ∼ 0.8 [20] ) puts it in the non-perturbative regime of the model. The gapless nature of the spectrum [ Fig. 1(b) ] precludes the "Mott insulator" while the spin-ice-like correlations observed in this (Fig. 3 ) and previous [4] studies preclude a trivial paramagnet and point to "Mott glass" also called Griffiths Coulomb QSL. [5] The detailed ρ(∆) obtained here will allow quantitative comparison between experiment and theory.
Given the importance of random transverse fields that we have demonstrated in Pr 2 Zr 2 O 7 and the potential to access distinct QSLs [5] by controlling disorder through a combination of chemical doping [6] and hydrostatic pressure, disorder in non-Kramers frustrated magnets now appears to present a rich area for the experimental realization and exploration of solid state quantum entanglement.
